
The Plant Cell, Vol. 14, 1635–1648, July 2002, www.plantcell.org © 2002 American Society of Plant Biologists

 

The Arabidopsis 

 

SKU5

 

 Gene Encodes an Extracellular 
Glycosyl Phosphatidylinositol–Anchored Glycoprotein
Involved in Directional Root Growth

 

John C. Sedbrook,

 

a,1

 

 Kathleen L. Carroll,

 

b

 

 Kai F. Hung,

 

b

 

 Patrick H. Masson,

 

b

 

 and Chris R. Somerville

 

a,c

 

a

 

Carnegie Institution, 260 Panama Street, Stanford, California 94305

 

b

 

Department of Genetics, University of Wisconsin, Madison, Wisconsin 53706

 

c

 

Department of Biological Sciences, Stanford University, Stanford, California 94305

 

To investigate how roots respond to directional cues, we characterized a T-DNA–tagged Arabidopsis mutant named

 

sku5

 

 in which the roots skewed and looped away from the normal downward direction of growth on inclined agar sur-
faces. 

 

sku5

 

 roots and etiolated hypocotyls were slightly shorter than normal and exhibited a counterclockwise (left-
handed) axial rotation bias. The surface-dependent skewing phenotype disappeared when the roots penetrated the
agar surface, but the axial rotation defect persisted, revealing that these two directional growth processes are separa-
ble. The 

 

SKU5

 

 gene belongs to a 19-member gene family designated 

 

SKS

 

 (

 

SKU5

 

 Similar) that is related structurally to
the multiple-copper oxidases ascorbate oxidase and laccase. However, the SKS proteins lack several of the conserved
copper binding motifs characteristic of copper oxidases, and no enzymatic function could be assigned to the SKU5
protein. Analysis of plants expressing 

 

SKU5

 

 reporter constructs and protein gel blot analysis showed that SKU5 was
expressed most strongly in expanding tissues. SKU5 was glycosylated and modified by glycosyl phosphatidylinositol
and localized to both the plasma membrane and the cell wall. Our observations suggest that SKU5 affects two direc-
tional growth processes, possibly by participating in cell wall expansion.

 

INTRODUCTION

 

Roots grow by coordinating cell division and cell expansion
at their tips. In Arabidopsis, this occurs within a 1-mm re-
gion of the tip composed of a meristem along with two
zones of cell expansion termed the distal and main elonga-
tion zones (Mullen et al., 1998a). Within the meristem, cell
division and differentiation begin with four sets of progenitor
cells that surround the nondividing quiescent center cells
(Dolan et al., 1993; Benfey and Scheres, 2000). Cells of each
lineage divide to form concentric rings around the develop-
ing vasculature, first expanding quasiisodiametrically and
then anisotropically as they pass through the elongation
zones. Differentiating cells divide and expand anisotropi-
cally along the longitudinal axis of the root, forming distinct
files (Dolan et al., 1993).

The cell files are in large part linear, although a slight
twisting bias or handedness occurs naturally in roots of
some Arabidopsis ecotypes, including Wassilewskija and
Landsberg 

 

erecta

 

 (Mirza, 1987; Rutherford and Masson,

1996). This twisting, or cell file rotation, develops within the
elongation zones and also occurs in both clockwise and
counterclockwise directions in conjunction with root tip
bending during responses to certain environmental stimuli
(Okada and Shimura, 1990).

As a root grows within a constant environment, cells of a
given type divide and expand approximately the same
amount around the periphery of the root, resulting in a
straight root. Various stimuli induce a hormone-mediated
differential growth process to occur, thereby altering the ori-
entation of the root tip. For instance, a change in the root
tip’s alignment with the gravity vector induces an increase in
cell expansion on the upper flank of the tip along with a de-
crease in expansion on the lower flank, causing the root tip
to bend downward along a two-dimensional plane (Mullen
et al., 1998a; Chen et al., 1999).

More complex directional growth responses occur when
roots are exposed to multiple stimuli. An example of this is
the wavy root growth pattern. Okada and Shimura (1990) re-
ported that Arabidopsis roots growing on a tilted impenetra-
ble agar surface formed a consistent and reproducible sinu-
soidal wave pattern. Upon close examination, it was found
that the back-and-forth movement made by the root tip as it
waved down the agar surface occurred in three dimensions
and was accompanied by an alternating root tip rotation
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about its axis (Okada and Shimura, 1990; Rutherford and
Masson, 1996; J.C. Sedbrook and C.R. Somerville, unpub-
lished data).

Okada and Shimura (1990) found that the wavy root
growth pattern was surface dependent and probably attrib-
utable to a combination of root tip responses to gravity and
touch. Others have noted that circumnutation may regulate
the wave frequency (Mullen et al., 1998b). The biomechani-
cal properties of the root result in its buckling during wave
formation (J.C. Sedbrook and C.R. Somerville, unpublished
data), and varied media compositions and conditions
greatly influence the root waving pattern (Buer et al., 2000;
J.C. Sedbrook and C.R. Somerville, unpublished data).

To investigate the processes underlying regulated cell
growth, we used root waving as a phenotype to facilitate the
identification of mutants with alterations in growth pro-
cesses. Here, we report the characterization of a novel mu-
tant, 

 

sku5

 

, which develops roots that skew away from the
typical downward direction of growth on agar surfaces. 

 

sku5

 

roots and etiolated hypocotyls also twist more than normal
in a counterclockwise direction about their longitudinal axes
as they grow.

Analyses of the growth response of the mutant shows
that directional growth on agar surfaces can be uncoupled
from axial root tip rotation, two processes that normally oc-
cur together. The 

 

SKU5

 

 gene encodes a glycoprotein that is
related structurally to the multiple-copper oxidases. SKU5
becomes glycosyl phosphatidylinositol (GPI) modified and
localized to the plasma membrane and cell wall. Our results
suggest that SKU5 plays an important role in regulating di-
rectional root growth.

 

RESULTS

Isolation and Characterization of 

 

sku5

 

The 

 

sku5

 

 mutant was identified by screening a population of
T-DNA–mutagenized seedlings for altered root growth on the
surface of 1.5% agar-solidified germination medium (GM)
that was tilted 30

 

�

 

 from the vertical. Roots of wild-type seed-
lings grew in a waving pattern that was skewed slightly to the
left when viewed from above the agar surface (Figure 1A, Ta-
ble 1). The 

 

sku5

 

 mutant was indistinguishable from the wild
type except that the growth of mutant roots skewed strongly
to the left and, in most cases, the roots looped to the left to
form coils (Figure 1A).

When seedlings were grown on vertically oriented 0.8%
agar-solidified GM, which did not impede vertical root
growth, 

 

sku5

 

 roots still slanted much more in a leftward di-
rection than did the wild type (Table 1). On the other hand,
when 

 

sku5

 

 roots growing in a skewed direction on inclined
agar medium penetrated the agar, they assumed a normal
vertical trajectory of growth until they touched the bottom of
the plate, after which they skewed again (Figure 1B). The

growth directions of 

 

sku5

 

 and wild-type roots that were
grown for 7 days embedded in 0.8% agar-solidified GM also
did not deviate significantly from the vertical (Table 1).
These observations indicate that the 

 

sku5

 

 skewed root
growth phenotype was surface dependent and was not
caused by a difference in the gravitropic set point angle.

Root waving has been associated with the formation of
twisted epidermal cell files in places along the root where it
has changed directions (Okada and Shimura, 1990; Rutherford
and Masson, 1996). We observed that 

 

sku5

 

 roots grown on
tilted 1.5% agar-solidified GM had many more cell files
twisted in a counterclockwise direction than the wild type,
especially in regions where the roots had looped (Figures 1C
to 1E). In general, the direction of twisting correlated with
the direction of root growth for both mutant and wild-type
seedlings (i.e., counterclockwise twisting indicates leftward
growth direction). However, along stretches of the 

 

sku5

 

roots where the cell file rotation was constant, the rate of
change in growth direction was variable (Figure 1E), indicat-
ing that the two processes were not strictly coupled.

To determine if the 

 

sku5

 

 counterclockwise cell file rotation
bias also occurred in roots that were not subject to the di-
rectional stimuli found at a surface, we grew seedlings in
0.8% agar-solidified GM and in liquid GM, which presented
the roots with minimal touch stimulation. Under these two
conditions, 

 

sku5

 

 roots twisted in a counterclockwise direc-
tion much more than wild-type roots, albeit slightly less than
when grown on agar surfaces (Figures 1F and 1G, Table 1).
The maximum angles at which the cell files crossed the lon-
gitudinal axes of the roots were approximately the same for
both wild-type and 

 

sku5

 

 roots.
Under all of these conditions, the rate of epidermal cell file

rotation varied along the lengths of the roots, with no appar-
ent regularity. In some cases, both wild-type and 

 

sku5

 

 roots
rotated briefly in a clockwise direction about their axes. Cell
file rotation was not seen in the first 400 

 

�

 

m of the root tip
but became visible within the elongation zones (Figure 1G).
This finding suggests that the axial twisting was caused by
differential cell expansion that began in the elongation
zones and was not the result of a skewed pattern of cell di-
vision in the meristem.

Confocal microscopic imaging of propidium iodide–stained

 

sku5

 

 and wild-type roots revealed that in regions in which
no cell file rotation occurred, epidermal and the underlying
cortical cell files were parallel to each other (data not
shown). In regions in which epidermal cell files were twisted,

 

sku5

 

 and wild-type cortical cell files also were twisted, albeit
generally slightly less than the overlying epidermal cell files
(Figures 2A and 2B).

We also examined the hypocotyl cell files of 

 

sku5

 

 and
wild-type seedlings grown in the dark. We found that 

 

sku5

 

hypocotyls twisted more in a counterclockwise direction
compared with the wild type (viewed along the axis toward
the apex), indicating that the 

 

SKU5

 

 gene also affects direc-
tional growth in this organ (average angles of cortical cells in
relation to longitudinal axes: wild type, 3.8

 

�

 

 

 

�

 

 4.5

 

�

 

; 

 

sku5

 

,
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6.4

 

�

 

 

 

�

 

 5.1

 

�

 

 [P 

 

�

 

 0.001, 76 

 

�

 

 

 

n

 

 

 

�

 

 81]). We observed no obvi-
ous twisting or morphological defects in light-grown 

 

sku5

 

hypocotyls, petioles, and inflorescences (data not shown).
In addition to the surface-dependent directional growth

defect of 

 

sku5

 

 roots and the axial rotation defects of 

 

sku5

 

roots and etiolated hypocotyls, we found that 

 

sku5

 

 roots
and etiolated hypocotyls were 

 

�

 

15 and 10% shorter, re-
spectively, than those of the wild type (Table 1). The 

 

sku5

 

root length differences occurred when seedlings were
grown both in and on agar, indicating that this phenotype
was not surface dependent. These length differences were
statistically significant and were not attributable to differ-
ences in germination times (Table 1).

To determine if 

 

sku5

 

 roots were shorter than wild-type
roots because the cells did not expand longitudinally to the
same length as wild-type cells, we measured the lengths of
cortical cells in the mature zones of 

 

sku5

 

 and wild-type
roots. Seedlings were grown for 7 days in 0.8% agar-solidi-
fied GM, and the roots were stained with propidium iodide
and imaged with a confocal microscope. We found that

 

sku5

 

 cortical cells were the same length as wild-type corti-
cal cells (

 

sku5

 

 average cell length was 203.5 

 

�

 

 46.1 

 

�

 

m [

 

n

 

 

 

�

 

212], and wild-type average cell length was 200.4 

 

�

 

 45.3

 

�

 

m [

 

n

 

 

 

�

 

 285]; P 

 

�

 

 0.48 by Student’s 

 

t

 

 test). We also ob-
served no differences in the widths of cortical cells or other
cell types within the root or the hypocotyl (data not shown).

Figure 1. Root Growth Phenotypes of sku5 and Wild-Type Seedlings.

(A) Seedlings grown for 7 days on 1.5% agar-solidified GM tilted at 30� from the vertical. sku5 seedlings are at left on the top row and at right on
the bottom row.
(B) sku5 roots grow straight down after penetrating the agar until they touch the bottom of the plate, after which they slant again.
(C) to (E) Close-up of wild-type (C) and sku5 ([D] and [E]) roots that had gone through the root-waving assay. Note the cell file rotation. CCW,
counterclockwise; CW, clockwise.
(F) and (G) Wild-type (F) and sku5 (G) roots that had been growing for 7 days in 0.8% agar-solidified GM. Note the greater amount of cell file ro-
tation of the sku5 root.
Bars in (A) and (B) � 10 mm; bars in (C) to (G) � 0.1 mm.
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Cell sizes and shapes within the root tip, including the mer-
istem and the elongation zones of 

 

sku5

 

 roots, also appeared
normal. We were unable to measure the lengths of 

 

sku5

 

 epi-
dermal cells because they twisted out of view.

Given that gravitropism plays an important role in root
waving (Rutherford and Masson, 1996; J.C. Sedbrook and
C.R. Somerville, unpublished data), we tested whether 

 

sku5

 

roots had altered bending kinetics upon gravistimulation.
Three-day-old agar-embedded seedlings were rotated 90

 

�

 

,
and root tip angles were measured over time. At time points
up to 12 h, there were no differences between the mutant
and the wild type (see supplemental data online). At 12 to 15
h, 

 

sku5

 

 roots were slightly less oriented to the gravity vector
than wild-type roots, possibly as a result of the slightly re-
duced growth rate or of the fact that the axial rotation con-
tinually changes the orientation of the gravity-sensing col-
umella cells in the tip.

We also germinated and grew 

 

sku5

 

 and wild-type seed-
lings on 1.5% agar-solidified GM plates that slowly rotated
in a clockwise direction on a clinostat. This treatment essen-
tially randomized the seedling’s exposure to the gravity vec-
tor, allowing observation of root growth character when this
stimulus was minimized. After 5 days of growth, nearly all of
the 

 

sku5

 

 seedling roots had formed tight clockwise coils,
whereas wild-type seedling roots had grown randomly or
had taken on a slight clockwise growth direction (Figure 3).

Although we did observe a “clinostat effect” in these ex-
periments associated with the direction of seedling rotation

(i.e., counterclockwise clinostat rotation tended to make roots
grow in a counterclockwise direction [Mirza, 1988; Rutherford
and Masson, 1996]), the results always showed that 

 

sku5

 

roots coiled much more in a clockwise direction than did
wild-type roots (data not shown). Therefore, because wild-
type roots did not coil like 

 

sku5

 

 roots under randomized
gravity, we conclude that an altered gravity response of

 

sku5

 

 roots is not the cause of the surface-dependent skew-
ing phenotype. Rather, the gravitropic response counteracts
the 

 

sku5

 

 skewing phenotype.
We also examined how the microtubule-interacting drug

propyzamide affected 

 

sku5

 

 root growth. Furutani et al.
(2000) found that 1 

 

�

 

M propyzamide suppressed the clock-
wise epidermal axial rotation phenotype as well as the
anisotropic growth defects found in 

 

spiral1

 

 (

 

spr1

 

) and 

 

spiral2

 

(

 

spr2

 

) mutants. Like 

 

sku5

 

, 

 

spr1

 

 mutant roots exhibit a sur-
face-dependent directional growth defect, except that 

 

spr1

 

roots slant to the right instead of to the left on tilted agar
surfaces. Growth on 3 

 

�

 

M propyzamide induced wild-type
Landsberg 

 

erecta

 

, 

 

spr1, and spr2 root epidermal cell files to
twist in a counterclockwise direction and caused their roots
to slant similarly to the left on tilted agar surfaces.

This treatment had the same effects on sku5 and wild-
type Wassilewskija roots, except that the sku5 growth pa-
rameters were much more exaggerated than those seen in
the wild type (data not shown). Additionally, propyzamide
equally affected sku5 and wild-type root morphologies and
lengths. Therefore, it appears that the sku5 mutant is not af-

Table 1. Growth Measurements of Wild-Type and sku5 Organs under Various Conditions

Roots on Tilted
1.5% Agar

Roots on Vertical 
0.8% Agar

Roots in 
0.8% Agar

Roots in
Liquid GM

Etiolated Hypocotyls
in Air

WTa lengthb 23.9 � 2.5 25.1 � 2.8 24.0 � 3.2 NDc 14.8 � 1.1
sku5 lengthb 21.5 � 2.4 21.0 � 2.5 20.7 � 2.8 ND 13.3 � 1.0
P value 6.3 � 10�7 1.9 � 10�14 2.7 � 10�48 NAd 5.3 � 10�29

WT anglee 14.2° � 4.8 2.8° � 8.0 0.14° � 4.9 NA NA
sku5 anglee 59.4° � 7.0 31.7° � 11.3 0.55° � 5.6 NA NA
P value 5.9 � 10�97 1.5 � 10�38 0.47 NA NA
WT CFRf ND 2.8 � 4.1 2.9 � 3.1 2.6 � 2.6 NA
sku5 CFRf ND 17.1 � 4.9 16.7 � 5.2 13.2 � 5.2 NA
P value NA 3.3 � 10�30 1.2 � 10�31 2.5 � 10�24 NA

Measurements are averages � SD; n � sample size; P value � Student’s t test probability, where �0.05 is statistically significant. The P values
correspond to a comparison between wild-type and sku5 samples of a given treatment. 47�n�93 for all samples except “Roots in 0.8% Agar”
wild type and sku5 length (418�n�422) and “Etiolated Hypocotyls in Air” wild type and sku5 length (145�n�164).
a WT, Wild type.
b Average organ length in millimeters.
c ND, Not determined.
d NA, Not applicable.
e Average angle that roots grew, where 0� is vertical and positive numbers were to the left of vertical, as viewed from above the agar surface.
f The number of epidermal cell files that crossed a 1-mm-long line drawn down the longitudinal axis of the root, from �1.5–2.5 mm from the tip.
CFR, Cell file rotation.



The Arabidopsis SKU5 Gene 1639

fected directly in the same processes as the spr mutants,
which have defects in the orientations of their cortical micro-
tubule arrays (Furutani et al., 2000).

Cloning of the SKU5 Gene

sku5 was isolated from a collection of T-DNA insertion mu-
tants derived from a plasmid carrying neomycin phospho-
transferase as the selectable marker (Bouchez et al., 1993).
Analysis of F1 plants and F2 segregants from a cross be-
tween the mutant and the wild type indicated that the sku5
mutation was recessive and segregated as a single nuclear
mutation. Analysis of the sku5 and kanamycin resistance
phenotypes of 50 seedlings from each of 149 F3 families
showed that the sku5 mutation cosegregated with the kana-
mycin resistance marker on the T-DNA. DNA gel blot analy-
sis of genomic DNA derived from homozygous sku5 plants,
using T-DNA fragments as probes, revealed that sku5 plants
contained only one T-DNA insertion (data not shown). To-

gether, these data indicate that a T-DNA element may have
inserted within the SKU5 gene.

An adaptor PCR method (Siebert et al., 1995) was used to
isolate a 1.1-kb region of genomic DNA (fragment A) flank-
ing the T-DNA insertion in sku5 plants (Figure 4). The se-
quence of fragment A had regions of identity to two Arabi-
dopsis EST clone sequences. At the time, no matches with
Arabidopsis genomic sequences were identified because
that portion of the genome had not been sequenced. Frag-
ment A was used to probe a BAC library filter set, identifying
two BAC clones (1M5 and 9F23). The candidate gene was
cloned on a 10.7-kb EcoRI-XbaI fragment (fragment B; Fig-
ure 4).

Fragment A also was used as a probe to screen a cDNA
library (Kieber et al., 1993), resulting in the identification of
four full-length or nearly full-length cDNA clones (pJS1 to
pJS4). Sequence analysis of these clones, along with that of
fragment B, revealed a 3.3-kb gene with nine exons encod-
ing a putative 1764-bp open reading frame predicted to en-
code a 66-kD protein (Figure 4). The T-DNA had inserted
within the fifth exon of that gene (Figure 4). To determine if
the putative SKU5 gene could rescue the sku5 mutant phe-
notype, fragment B was cloned into the pBIB binary vector
(Becker, 1990) to produce pJS5, which was introduced into
sku5 plants via Agrobacterium tumefaciens–mediated trans-
formation.

T1 transformants carrying this construct were isolated on
hygromycin-containing Murashige and Skoog (1962) agar
and allowed to self-fertilize, and the resultant T2 seedlings
were scored for root waving and for hygromycin resistance
(hygromycin resistance originated from the pBIB T-DNA).
The analysis of six independent T2 families (50 seedlings
each) revealed a 3:1 segregation of the wild type to skewed
root waving coupled with a 3:1 segregation of hygromycin
resistance to sensitivity (data not shown). Thus, fragment B
complemented the sku5 mutation.

As a control, a 1.4-kb SacI-SmaI fragment within the pu-
tative SKU5 gene on pJS5 was removed, and the modified
construct (pJS6) was transformed into sku5 plants. Pheno-
typic analysis of 15 T2 families from plants transformed with

Figure 2. Confocal Microscopic Sections through Epidermal and
Cortical Root Cells Revealing the Relative Alignments of the Cell
Files.

Images of wild-type (A) and sku5 (B) root mature zones that were
stained with propidium iodide. For each image, a cross-section
through epidermal cells was colored green and then overlaid on a
cross-section through cortical cells (colored red). The arrows point
to the cell walls of individual cell files to highlight the fact that in re-
gions in which cell file rotation occurs in both wild-type and sku5
roots, the epidermal cell files twist slightly more than the underlying
cortical cell files.

Figure 3. Root Growth Phenotypes.

Phenotypes of wild-type (A) and sku5 (B) seedlings after 5 days of
growth on 1.5% agar-solidified GM rotated at 2 rpm on a clinostat in
a clockwise direction about a line drawn through the center of the
plate (viewed from above the agar surface).
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pJS6 revealed that all seedlings exhibited the skewed root-
waving phenotype. Thus, we conclude that the gene carry-
ing the T-DNA insertion was SKU5.

SKU5 Belongs to a Multigene Family That Is Related 
Structurally to the Multiple-Copper Oxidases

The Arabidopsis genome contains 18 genes that are pre-
dicted to encode proteins sharing 42 to 65% amino acid se-
quence identity with SKU5. We named these genes SKS
(SKU5 Similar). GenBank contains EST sequences corre-
sponding to 10 of these genes. ClustalX and TreeView anal-
yses placed the predicted proteins from these genes in an
unrooted bootstrap tree consisting of four branches or
clades (see supplemental data online). Hydropathy profiles
of these proteins along with SKU5 revealed that all of them
contained hydrophobic domains at their N termini (data not
shown). The computer program SignalP version 2.0 (http://
www.cbs.dtu.dk/services/SignalP-2.0/; Nielsen et al., 1997)
predicted that all of these hydrophobic sequences were
cleavable signal sequences, whereas PSORT (http://psort.
nibb.ac.jp/form.html; Nakai and Horton, 1999) predicted that
all but two of these sequences (SKS10 and SKS15) could be
cleaved proteolytically.

Two SKU5-like proteins from tobacco and tomato (NTP303,
which has 45% amino acid sequence identity with SKU5
[Wittink et al., 2000], and PE3, which has 50% identity
[Tucker and Zhang, 1996]) have been purified previously
and their N-terminal peptides sequenced. Both proteins
lacked the predicted N-terminal hydrophobic domain, pre-
sumably because they were removed proteolytically. Fur-
thermore, a search of the Arabidopsis Plant Plasma
Membrane Database (http://sphinx.rug.ac.be:8080/ppmdb/)
identified a 15–amino acid sequence obtained from the N
terminus of an anonymous plasma membrane protein (sam-

ple HD022_1_0 ADPY.FYNFEV.YFT) that corresponds to a
region of the SKU5 protein sequence (5	-ADPYSFYNF-
EVSYIT-3	). This peptide sequence begins at residue 21 of
SKU5, the position adjacent to the predicted cleavage site
of the SKU5 leader peptide. Therefore, it appears likely that
SKU5, along with many, if not all, of the SKS proteins, has
an N-terminal cleavable signal sequence.

Database searches also revealed that the predicted SKU5
protein shares 23 to 27% amino acid sequence identity with
ascorbate oxidases and laccases. These two families of
multiple-copper oxidases coordinate four copper ions within
three spectroscopically distinct centers (types 1, 2, and 3),
allowing for the one-electron oxidation of a reducing sub-
strate coupled to the four-electron reduction of oxygen to
water (Messerschmidt and Huber, 1990). The amino acid
residues that act as ligands to coordinate the copper ions
within the different copper centers are conserved com-
pletely in both of these families. Interestingly, the ligands for
the type 1 and 3 copper centers are absent in SKU5 (resi-
dues Asn-82, Phe-124, Ser-126, Gln-449, Ser-454, Arg-510,
and Glu-512 should be His), whereas those for the type 2
copper centers are present (His-80 and His-452). None of
the three types of copper center motifs is intact within the
predicted SKS proteins (data not shown).

Searches of EST databases identified SKU5-related genes
in at least 20 different monocotyledonous and dicotyledon-
ous plant species (data not shown). SKU5 amino acid se-
quence alignments with the predicted protein portions en-
coded by these ESTs exhibited 51 to 86% amino acid se-
quence identity. This level of identity, along with the fact that
they also do not contain all of the copper binding motifs,
suggest that the genes corresponding to these ESTs are in
the same family as SKU5 and the SKS genes.

SKU5 Is Expressed Ubiquitously

To verify that SKU5 is expressed in all tissues, we raised a
polyclonal antibody against a peptide with a sequence
unique to SKU5 and used this antibody to probe gel blots of
proteins from various tissue extracts. This antibody specifi-
cally recognized a band corresponding to a 90-kD protein in
wild-type plant extracts that was absent in sku5 plant ex-
tracts (Figures 5A and 5B). This antibody recognized SKU5-
related bands in extracts from wild-type roots, hypocotyls,
cotyledons, leaves, inflorescence stems, and flowers (Fig-
ures 5A and 5B).

SKU5 Is Glycosylated

SKU5 migrated more slowly than expected on SDS-PAGE
gels (apparent mass of 90 kD instead of the predicted 66
kD; Figure 5A). To determine whether SKU5 was glycosy-
lated, crude seedling extracts were treated with peptide
N-glycosidase F (PNGase F) or endoglycosidase H (Endo

Figure 4. Restriction Map of the 10.7-kb Genomic Fragment B (top)
and Structure of the SKU5 Gene (bottom).

For the SKU5 gene, black boxes represent exons and thick connect-
ing lines represent introns. ATG and TGA represent translational
start and stop sites, respectively. The location of the T-DNA inser-
tion is shown within the fifth exon. The location of fragment A is de-
lineated below the SKU5 gene. E, EcoRI; K, KpnI; M, SmaI; S, SacI;
X, XbaI.
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H), and the mobility of SKU5 was measured on protein gel
blots of SDS-PAGE gels (Figure 6A).

SKU5 within the PNGase F–treated sample migrated
faster than that in the mock-treated sample, whereas SKU5
within the Endo H–treated sample migrated at the same rate
as that in the mock-treated sample. We inferred that SKU5
was glycosylated with N-linked glycans that could be
cleaved by PNGase F but not by Endo H. This pattern of dif-
ferential glycanase susceptibility is symptomatic of proteins
that pass through the Golgi, where the N-linked glycans be-
come modified by a mannosidase, which makes them resis-
tant to Endo H cleavage (Kornfeld and Kornfeld, 1985).

Another line of evidence showing that SKU5 becomes
modified post-translationally was obtained by in vitro trans-
lation of SKU5 in a reticulocyte lysate. This produced a pro-
tein that migrated on a SDS-PAGE gel at the predicted size
of 66 kD (data not shown). When canine microsomal mem-
branes capable of glycosylation were added to the system,
the apparent mass of SKU5 increased to 90 kD (data not
shown).

SKU5 Is Anchored by GPI

Except for hydrophobic N and C termini, SKU5 was hydro-
philic (data not shown) and possessed a 20–amino acid re-
gion just upstream of the hydrophobic C terminus contain-

ing features consistent with GPI modification (Eisenhaber et
al., 2000). GPI modification of proteins occurs in the endo-
plasmic reticulum, where the C-terminal hydrophobic signal
sequence is cleaved proteolytically and replaced by a GPI
moiety. The GPI-modified protein then is transported through
the trans-Golgi network to the plasma membrane, where the
lipid portion of the GPI moiety becomes inserted in the outer
leaf of the plasma membrane bilayer, anchoring the protein
in an extracellular orientation (Ramalingam et al., 1996; Yan
et al., 1998).

Three computer programs predicted that the SKU5 pro-
tein has the essential characteristics to become GPI modi-
fied: PSORT (http://psort.nibb.ac.jp/form.html; Nakai and
Horton, 1999); big-PI Predictor (http://mendel.imp.univie.ac.
at/gpi/gpi_server.html; Eisenhaber et al., 1998); and DGPI
(http://129.194.186.123/GPI-anchor/index_en.html; D. Buloz
and J. Kronegg, unpublished data).

We tested the possibility that SKU5 was anchored by GPI
by determining whether the protein was released from
membrane fractions by phosphatidylinositol-specific phos-
pholipase C (PI-PLC). PI-PLC cleaves the lipid component
of the GPI anchor, solubilizing the protein. Microsomal
membranes were fractionated by Triton X-114 phase parti-
tioning to remove proteins that were associated peripherally
with the membranes and then incubated with PI-PLC. The

Figure 5. SKU5 Is Expressed in All Tissues.

(A) Protein gel blot of extracts from various seedling and adult plant
organs probed with anti-SKU5 antibody. Equal amounts of protein
were loaded in all lanes. Note the absence of a band corresponding
to a 90-kD protein in the sku5 seedling sample.
(B) The same blot stained with Ponceau S.

Figure 6. SKU5 Can Be Deglycosylated by PNGase F and Released
from Membranes by PI-PLC.

(A) Protein gel blot probed first with the anti-SKU5 antibody (top)
and then with an anti–protein disulfide isomerase (PDI) antibody
(positive control; bottom). Wild-type seedling extracts were treated
with PNGase F, Endo H, or buffer solution (mock). Note that both
enzymes removed N-glycans from PDI, whereas only PNGase F re-
moved them from SKU5.
(B) Gel blot analysis of proteins released from wild-type microsomal
membranes by treatment with PI-PLC (top). Microsomal membranes
were treated with either PI-PLC or a buffer solution (mock) and then
partitioned with Triton X-114 to separate the soluble protein (shown
here) from the membrane-bound protein. BSA was added to the
samples as a check for equal recovery during the manipulations, as
described in Methods. Proteins were resolved by SDS-PAGE, trans-
ferred to a filter that was probed with the anti-SKU5 antibody (top),
and then stained with Ponceau S to reveal the BSA protein loading
control (bottom).
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samples then were reextracted with Triton X-114, which
resulted in the partitioning of the GPI anchor–released
proteins into the aqueous phase. SKU5 was present in the
PI-PLC–treated aqueous phase sample but not in the mock-
treated control, confirming that SKU5 had been GPI an-
chored to membranes (Figure 6B).

SKU5 Localized to the Plasma Membrane and the Cell Wall

To identify the subcellular location of SKU5, we separated
membrane-associated and soluble proteins by centrifuga-
tion. We also separately isolated cell wall fluid by first vac-
uum infiltrating seedlings with a cold buffer and then remov-
ing the fluids by centrifugation at low speeds. These
fractions were electrophoresed on SDS-PAGE gels, and
protein gel blots were probed with the anti-SKU5 antibody
(Figure 7A).

SKU5 was present in similar amounts in the 100,000g su-
pernatant of wild-type extracts (Figure 7A, lane 1) and in the
100,000g pellet (lane 2). The amount of cytoplasmic con-
tamination of the 100,000g pellet was low, as indicated by
reprobing of the protein gel blot with an antibody against the
cytoplasmic protein nitrilase (Figure 7B, lane 2). SKU5 also
was detected in intracellular wash fluids extracted in a
buffer with or without 1 M NaCl (Figure 7B, lanes 3 and 4).
Thus, approximately half of the SKU5 protein is located in
microsomal membranes, and the remainder is soluble and
appears to be located in the cell wall.

We also generated transgenic plants expressing a green
fluorescent protein (GFP)::SKU5 fusion protein by placing
the GFP gene in frame within the SKU5 gene of fragment B
in a position just after the N-terminal leader peptide–encod-
ing sequence (Figure 8A). This construct was transformed

into sku5 seedlings, in which it rescued the sku5 mutant
phenotype (data not shown). Confocal microscopic analysis
identified GFP fluorescence throughout the seedlings, with
the brightest fluorescence occurring within the root mer-
istem and the distal elongation zone (Figure 8B). This fluo-
rescence could be seen completely surrounding cells of all
tissue types, yet it appeared brighter along some parts of
cells compared with others. Bright streaks also were seen
along the longitudinal axis of the root, localized to three-cell
junctions (Figure 8B).

These distinctive GFP-related fluorescence features did
not occur with any consistent pattern. Faint GFP fluores-
cence also was visible within the cells; the illuminated struc-

Figure 7. SKU5 Localizes to Microsomal Membranes, Supernatant,
and Cell Wall Fluid Fractions.

Protein gel blot probed first with anti-SKU5 antibody (A) and then
with an anti-nitrilase antibody (B) (cytoplasmic control; 38 kD). Lane
1, wild-type supernatant from the 100,000g spin; lane 2, wild-type
pellet from the 100,000g spin; lane 3, wild-type cell wall fluid ob-
tained from a low-speed spin of intact seedlings; lane 4, same as
lane 3 except that the extraction buffer contained 1 M NaCl.

Figure 8. Fluorescence from SKU5::GFP Fusion Protein Localizes
Predominantly to the Plasma Membrane and the Cell Wall of All
Cells throughout the Root.

(A) The SKU5::GFP construct, which is fragment B with the GFP
gene (open box) inserted in frame downstream of the SKU5 signal
peptide sequence.
(B) to (D) GFP fluorescence in the root tip (B) (pointing toward the
lower left; three-dimensional reconstruction) and in root tip cells
(cross-section view) before (C) and after (D) treatment with 100 mM
mannitol. Arrow in (D) denotes apparent Hechtian strands. Bars �
10 �m.
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tures appeared similar to those seen with endoplasmic
reticulum– and Golgi-localized proteins (Figure 8C). With the
filter set and gain settings used for these experiments, there
was no detectable autofluorescence from nontransgenic
plants (data not shown).

To determine if any of the peripherally localized GFP fluo-
rescence was associated with the plasma membrane, we
treated roots with 100 mM mannitol to plasmolyze the cells.
Confocal images of these roots showed that a considerable
amount of fluorescence localized to the plasma membranes
as they pulled away from the cell wall during plasmolysis
(Figure 8D). Fluorescence also was associated with strands
emanating from these membranes, which appeared to be
Hechtian strands.

Protein gel blot analysis of extracts from seedlings ex-
pressing the SKU5::GFP fusion protein, using either anti-
SKU5 or anti-GFP antibody, identified a band of the pre-
dicted size of the fusion protein and bands of the sizes of
SKU5 (detected by anti-SKU5 antibody) and the GFP pro-
tein (detected by anti-GFP antibody) (data not shown).
Therefore, it appears that some of the fusion protein had
been cleaved proteolytically, and consequently, some of the
GFP-related fluorescence possibly did not reflect SKU5 lo-
calization accurately (data not shown).

To clarify this issue, we isolated cellular fractions from
SKU5::GFP-expressing transgenic seedlings and performed
protein gel blot analysis. Our results showed that the anti-
SKU5 antibody clearly detected the SKU5::GFP fusion pro-
tein in the microsomal membrane fraction from these prepa-
rations, whereas the anti-GFP antibody detected very little
free GFP (data not shown). This finding indicates that the
GFP-related fluorescence observed at the plasma mem-
brane emanated predominantly (and perhaps exclusively)
from the SKU5::GFP fusion protein.

However, the anti-GFP antibody detected a large amount
of free GFP in the cell wall fluid and soluble protein frac-
tions, whereas the anti-SKU5 antibody detected relatively
little SKU5::GFP fusion protein (data not shown). This find-
ing suggests that the bright fluorescent streaks seen within
the cell wall at the three-cell junctions probably came mostly
from free GFP; hence, SKU5 may not localize normally to
these spots at such high concentrations. We do not know
why the three-cell junction fluorescence occurred only in
distinct locations instead of uniformly.

DISCUSSION

Plants regulate root growth by controlling cell division and
cellular expansion in the meristematic region and the elon-
gation zones of the root tip. In doing so, they are able to re-
spond to the numerous stimuli within their environment,
avoiding those that are harmful and growing toward those
that increase their likelihood of survival. Little is known
about how plant roots sense multiple environmental stimuli

and integrate the ensuing physiological signals into an opti-
mal growth response.

To dissect one aspect of root growth, we characterized a
T-DNA–tagged Arabidopsis mutant named sku5 with roots
that responded abnormally to directional stimuli. The sku5
mutation was caused by a T-DNA insertion within the middle
of the SKU5 coding sequence. RNA and protein gel blot
analyses revealed that no mRNA or SKU5 protein was de-
tectable in sku5 plants, so the mutation appears to be null.
Phenotypic and molecular analyses of this mutant have pro-
vided novel insights into a previously uncharacterized pro-
cess that appears to be required for normal root growth.

When sku5 roots were grown in a homogeneous agar me-
dium, they aligned normally with respect to the gravity vec-
tor. However, when grown on a vertical or tilted agar sur-
face, sku5 roots consistently skewed to the left, away from
the gravity vector at a characteristic angle. sku5 roots also
skewed to the left when they were grown at the bottom of
an agar plate against the plastic. This environment provided
a differential touch stimulus but did not have the same di-
rectional moisture and ion gradients found at the surface.
Thus, we infer that the surface-induced growth response is
derived from a touch stimulus. sku5 roots grown on agar in
the absence of a single gravity vector formed clockwise
coils.

Therefore, it is likely that the growth angle of sku5 roots
on the surface of inclined agar is maintained by an equilib-
rium between gravity-induced and surface-induced growth
responses, not unlike that seen with the sku1 and sku2 mu-
tants (Rutherford and Masson, 1996). sku5 roots were able
to change their direction of growth as well as their direction
of axial rotation to form nearly normal-looking sinusoidal
waves but had a tendency to loop instead of wave as they
grew, which was associated with prolonged counterclock-
wise root tip axial rotation. Thus, another factor appears to
be involved in mediating the back-and-forth oscillations in
directional growth.

The sku5 root tip axial rotation defect appeared constitu-
tive, occurring while the roots were growing on an agar sur-
face as well as in agar or liquid medium. This is in contrast
to the directional growth phenotype, which appeared only
when roots grew on an agar surface. The average rate of ax-
ial rotation, however, was slightly greater when the roots
were grown on the agar surface, suggesting that a touch
stimulus enhances the twisting. Most if not all mutants re-
ported to have surface-dependent directional growth de-
fects produce roots with an axial rotation defect.

In fact, mutants with roots that skew to the left exhibit
counterclockwise axial rotations, whereas roots that skew to the
right exhibit clockwise axial rotations (Mirza, 1987; Simmons et
al., 1995; Rutherford and Masson, 1996; Marinelli et al., 1997;
Rutherford et al., 1998; Furutani et al., 2000; J.C. Sedbrook
and C.R. Somerville, unpublished data). Therefore, the di-
rection of the axial rotation bias coincides with the direction
of surface growth. Even though the growth process underly-
ing root axial rotation is not sufficient to cause root skewing,



1644 The Plant Cell

these two processes probably are linked by a common
physical process or signaling mechanism.

sku5 roots were �15% shorter than wild-type roots when
grown in or on agar. Etiolated sku5 hypocotyls also were
shorter than normal and twisted more in a counterclockwise
direction about their axes than those of the wild type. The
axial rotation defect was not observed in light-grown hypo-
cotyls, petioles, or inflorescences, yet it occurred in dark-
grown roots. Dark-grown petioles and inflorescences were
not analyzed. Therefore, either the twisting phenotype is too
subtle to measure in light-grown hypocotyl cells, which ex-
pand much less than in the dark, or the SKU5-related
growth process is light regulated in hypocotyls but not in
roots.

Only a few percent of the reduced root and hypocotyl
length was attributable to the fact that roots composed of
twisted cells are shorter than straight roots with the same
number of cells. sku5 and wild-type root cortical cells are
the same size. Therefore, it appears that sku5 roots were
mostly shorter because of slower rates of cell expansion
and cell division. Apparently, both expansion and division
rates decreased proportionally, because we observed no
differences in the sizes of sku5 meristems and elongation
zones compared with those of the wild type (data not
shown). It is unclear if the sku5 mutation directly affects cell
division rates or if cell division is linked to a cell expansion
defect. A sku5 effect on the rate of cell expansion seems
likely because of the axial rotation defect, which is mani-
fested in the elongation zones.

If cortical cells grew proportionally less than the overlying
epidermal cells, then the epidermal cell files would have to
twist to release the tension. Indeed, we observed that sku5
epidermal cell files twisted more than the underlying cortical
cell files. This greater amount of epidermal cell file twisting
also was observed in wild-type roots, suggesting that it was
a naturally occurring phenomenon. Because the twisting al-
most always occurred in the same direction in sku5 roots,
there must be an underlying directional growth bias. Furutani
et al. (2000) postulated that the direction of root axial rota-
tion was dictated by the orientation of cortical microtubules.

The SKU5 protein exhibits sequence similarity with the
multiple-copper oxidases ascorbate oxidase and laccase.
Ascorbate oxidases are cell wall–localized glycoproteins
that catalyze the oxidation of ascorbic acid. This reaction
appears to affect cell expansion, but the mechanism has not
been determined (DeTullio et al., 1999; Kato and Esaka,
2000; Smirnoff, 2000). Ascorbate oxidase activity also may
play a role in regulating cell division (Kerk and Feldman,
1995; Kerk et al., 2000; Potters et al., 2000). Laccases are
cell wall–localized enzymes that have been shown to oxidize
a number of aromatic (normally phenolic) and inorganic sub-
stances, in some cases producing radicals that polymerize
spontaneously (Messerschmidt and Huber, 1990).

There has been much debate regarding whether laccases
are involved in lignin polymerization (Ranocha et al., 1999).
Even though SKU5 is related structurally to these two fami-

lies of proteins, it lacks most of the highly conserved His
residues necessary to coordinate type 1 and type 3 copper
ions. Therefore, SKU5 likely has a different enzymatic func-
tion. The two His residues present in ascorbate oxidases
and laccases that coordinate the type 2 copper ion are
present in SKU5. A number of proteins exist that coordinate
a single type 2 copper ion (McGuirl and Dooley, 1999). Be-
cause these proteins lack the other copper ions necessary
to perform electron transfer during substrate oxidation, they
use a topaquinone redox cofactor (Whittaker, 1999). This
cofactor forms autocatalytically by the oxidation of a Tyr
residue to form the second redox active center. Thus, our
working hypothesis is that SKU5 is a monocopper oxidase
of unknown specificity.

The Arabidopsis genome contains 18 other genes, provi-
sionally designated SKS1 to SKS18, that are predicted to
encode proteins with 44 to 65% amino acid sequence iden-
tity with SKU5. The predicted SKS proteins lack intact types
1, 2, and 3 copper centers. Therefore, these proteins proba-
bly do not possess oxidase activity unless they have
evolved to bind copper in sites distinct from those seen in
ascorbate oxidase and laccase. All of the predicted SKS
proteins appear to have N-terminal leader sequences, like
SKU5, while lacking any endoplasmic reticulum retention
signals. This fact suggests that, like SKU5, they are se-
creted.

Orthologs of a few SKS proteins have been described
previously as pollen-specific genes, including NTP303 from
tobacco (Albani et al., 1992) and BP10 from Brassica napus
(Weterings et al., 1992). The functions of these proteins are
not known. NTP303, which shares 45% amino acid se-
quence identity with SKU5, was found to localize to the veg-
etative plasma membranes of pollen and to the cell walls
and callose plugs of pollen tubes (Wittink et al., 2000).
Tucker and Zhang (1996) reported that a tomato protein
(PE3) that shares 50% amino acid sequence identity with
SKU5 possessed pectin esterase activity, but subsequently,
they were unable to confirm these results (G. Tucker and J.
Zhang, personal communication). We also have been un-
able to identify esterase activity associated with heterolo-
gously expressed SKU5 using a variety of activity assays
and esterase substrates (data not shown).

Several lines of evidence indicate that SKU5 is GPI modi-
fied, N-glycosylated, and anchored to the plasma mem-
brane. (1) An N-terminal peptide sequence in the Arabidop-
sis Plant Plasma Membrane Database corresponds to the
site at which the SKU5 leader peptide is predicted to be
cleaved. (2) PNGase F treatment showed that SKU5 is gly-
cosylated. For glycosylation to occur, SKU5 must have
been targeted to the endoplasmic reticulum. (3) Endo H
treatment was unable to remove N-linked glycans, so the
protein likely passed through the Golgi, where mannosidase
made the glycans resistant to Endo H cleavage.

(4) Detection of SKU5 in crude membrane preparations
showed that it was membrane bound. (5) Plasma membrane
localization was confirmed by the analysis of GFP-related



The Arabidopsis SKU5 Gene 1645

fluorescence in seedlings expressing a SKU5::GFP fusion
protein. (6) PI-PLC treatment released SKU5 from mem-
branes, indicating that SKU5 had been anchored by GPI. (7)
SKU5 was recovered in fluids extracted from the cell wall,
suggesting that it was released from the GPI anchor in vivo,
perhaps in a regulated manner.

The GPI modification of proteins has been found to occur
in a variety of organisms, including animals, plants, fungi,
and protozoa (McConville and Ferguson, 1993; Kinoshita et
al., 1997; Takos et al., 1997). In Arabidopsis, as many as
200 proteins with a wide variety of functions are predicted to
be GPI modified (Sherrier et al., 1999; Borner et al., 2002).
The primary role of the GPI anchor is to attach proteins to
the outer leaflet of the plasma membrane. These anchored
proteins can be organized into microdomains, perhaps
forming functional complexes (Friedrichson and Kurzchalia,
1998; Varma and Mayor, 1998).

Some GPI-anchored proteins become localized within the
lumen of intracellular vesicles until they are secreted in a
regulated manner (Lisanti et al., 1990). Additionally, the GPI
anchor can act as an intracellular sorting signal, directing
the attached protein to polar locations (Hooper, 1997;
Schindelman et al., 2001). Work is in progress to determine
what role the GPI modification of SKU5 plays in organ
growth.

The analysis of transgenic seedlings expressing the
SKU5::GFP fusion protein under the control of the SKU5
promoter showed that GFP-related fluorescence occurred
all around cells in all cell layers of the root. When root cells
were plasmolyzed with mannitol, some of the fluorescence
localized to the plasma membrane. Although protein gel blot
analysis of whole plant extracts showed that some of the
SKU5::GFP fusion protein was cleaved to form free GFP
and SKU5, protein gel blot analysis of microsomal mem-
branes purified from the transgenic seedlings identified pre-
dominantly intact SKU5::GFP, with very little free GFP.
Hence, it seems likely that the plasma membrane fluores-
cence originated from the fusion protein. The fluorescence
appeared fairly uniform around the root cells, with only
some random brighter patches of fluorescence occurring
along cells in parts of the tip. Because these patches exhib-
ited no obvious patterns, we conclude that the localization
of SKU5 is not polarized.

We envision a number of different models to explain
SKU5 function. For instance, SKU5 might modify linkages
between cell wall structural components, allowing for tur-
gor-driven cell extension to occur in such a way to provide a
directionality to cell expansion without affecting the cell’s
ability to achieve normal size. Because sku5 mutant roots
twist, there must be an underlying growth imbalance that
SKU5 activity normally counteracts. SKU5 activity also must
counteract the surface-induced growth response for roots
to grow in a normal downward direction. Alternatively, SKU5
may affect a property of the middle lamella that would allow
cells to slide past each other as they grow.

Because epidermal cells normally grow to be longer than

the underlying cortical cells, a torsional strain will develop if
the primary cell walls of these two cell types do not grow
smoothly past each other. The strain could be released by
the kind of twisting of the organ that is observed in the sku5
mutant. It also is conceivable that instead of modifying cell
wall structural properties directly, SKU5 might act on a
component in the cell wall that is in a signaling pathway, af-
fecting directed cell expansion.

Additional studies will be required to discern exactly what
role SKU5 plays in controlling growth. Perhaps detailed
structural studies will reveal an alteration in a component of
the sku5 cell wall. This would facilitate the identification of
potential substrates and enzymatic activity of the SKU5 pro-
tein. Along those lines, Fourier transform infrared spectro-
scopic analysis of plant tissues as well as quantitative analy-
sis of neutral sugars derived from cell walls revealed no
differences between sku5 and the wild type (data not
shown).

To examine the possibility of a regulatory function, com-
parison of gene expression in the mutant and the wild type
using DNA microarrays may be useful. It also is possible
that analysis of mutations in some of the SKS genes may re-
sult in a phenotype that is more suggestive of enzymatic
function than is the sku5 mutation. The large collections of
insertion mutants available in Arabidopsis should greatly fa-
cilitate the implementation of this approach.

METHODS

Plant Stocks and Manipulation

Wild-type Arabidopsis thaliana seeds of the ecotype Wassilewskija
were provided by Tim Caspar (DuPont, Wilmington, DE). The sku5
mutant, ecotype Wassilewskija, was isolated from the Versailles col-
lection of T-DNA insertion mutants (pGKB5 binary vector) (Bechtold
et al., 1993; Bouchez et al., 1993). All techniques and conditions
used to grow and manipulate Arabidopsis seeds, seedlings, and
plants were as described previously (Rutherford and Masson, 1996).

Analysis and Quantification of Organ Growth

The root-waving assay and quantification of root slanting were per-
formed as described in Rutherford and Masson (1996), except that
an Olympus D-600L digital camera (Tokyo, Japan) was used for pho-
tography. Root length measurements were performed using NIH Im-
age software (version 1.62b7) to analyze digital camera images.
Close-up images were obtained with a Leica Wild M8 microscope
(Wetzlar, Germany) attached to a Diagnostic Instruments SPOT digi-
tal camera (Sterling Heights, MI). The root gravitropism assay was
performed and analyzed as described in Sedbrook et al. (1999).

Confocal imaging of organs was performed with a Nikon Diaphot
200 inverted microscope equipped with a Nikon �40 1.15 or a Nikon
�60 1.2 numerical aperture water immersion objective (Tokyo, Ja-
pan) and a Bio-Rad MRC 1024 confocal head with a krypton-argon
laser. Enhanced green fluorescent protein (EGFP) was excited at 488
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nm, and emitted fluorescence was collected through a 525/30 band-
pass filter. Three-dimensional reconstructions of image stacks were
generated with Lasersharp software (Bio-Rad) or NIH Image soft-
ware. For confocal imaging, seedlings were immersed in half-
strength Murashige and Skoog (1962) medium, 1.5% Suc, and 10
�g/mL propidium iodide (Sigma) between two cover slips.

Exogenous propyzamide (Chem Service, Inc.; www.chemservice.
com/) treatments were performed as follows. Seeds were sown onto
autoclaved 3MM paper strips that were positioned on 0.8% agar (type
E; Sigma)-solidified germination medium (half-strength Murashige and
Skoog [1962] salts and 1.5% Suc), incubated at 4�C in the dark for 3
days, and then grown on vertically oriented plates for 4 days in a
growth chamber (22�C with 16 h of light). The strips containing the
seedlings were transferred onto 1.5% agar-solidified germination me-
dium and allowed to grow tilted 30� from the vertical for another 5 days,
after which the plates were imaged and analyzed as described above.

Cloning and Analysis of the SKU5 Gene and cDNAs

Procedures used to manipulate plant and bacterial DNA were as de-
scribed by Sedbrook et al. (1996, 1999). PCR amplification of a ge-
nomic DNA fragment flanking the T-DNA inserted in the sku5 gene
was performed as described in Siebert et al. (1995), with the sku5 ge-
nomic DNA being digested with EcoRV before adaptor ligation. Texas
A&M University BAC filters and clones, as well as the SKU5 cDNA
clone 164E21T7, were obtained from the ABRC (Columbus, OH).
SKU5 cDNA clones were isolated from a cDNA library in a 
 vector
(Kieber et al., 1993), and the DNA was sequenced and analyzed as
described in Sedbrook et al. (1999). Complementation of the sku5
mutation also was performed as described previously (Sedbrook et
al., 1999), except the pBIB binary vector was used (Becker, 1990) and
no vacuum was used for Agrobacterium tumefaciens transformation.

Generation and Analysis of Transgenic Plants Carrying a 
SKU5::Green Fluorescent Protein Reporter Construct

To make the SKU5::green fluorescent protein (GFP) fusion, the EGFP
gene was amplified by PCR from the pEGAD vector (Cutler et al.,
2000) without a stop codon and placed in frame within PCR-engi-
neered sites in the SKU5 gene just downstream of the nucleotide se-
quences predicted to encode the SKU5 leader peptide, within the
10.7-kb fragment B. Confocal imaging of T2 and T3 generation seed-
lings was performed as described above.

Generation of Anti-SKU5 Antibodies and Testing for
SKU5 Glycosylation

Anti-SKU5 antibodies were generated by Quality Controlled Bio-
chemicals (Hopkinton, MA) by injecting the synthetic peptide
CSKGKAKGQLPPGPQDEF conjugated to limpit hemocyanin into
two rabbits and then affinity purifying the serum after two boosts.
Various wild-type and sku5 tissues were ground in urea extraction
buffer (9.5 M urea, 100 mM Tris, pH 6.8, 2% sodium lauryl sulfate,
and 2% �-mercaptoethanol), electrophoresed on SDS-PAGE gels,
transferred onto an Immobilon-P polyvinylidene difluoride membrane
(Millipore, Bedford, MA), and analyzed using standard procedures.

The anti-SKU5 antibody was used at a dilution of 1:1000, followed
by 1:7500 dilution of a goat anti-rabbit IgG horseradish peroxidase–
conjugated secondary antibody (Pierce). The Supersignal West Pico

chemiluminescent substrate (Pierce) was used for horseradish per-
oxidase detection. To determine if SKU5 was glycosylated, 1-week-
old seedlings were ground in the denaturing buffer supplied with the
peptide N-glycosidase F and endoglycosidase H enzymes (New En-
gland Biolabs, Beverly, MA) and treated according to the manufac-
turer’s instructions. The anti–protein disulfide isomerase antibody
was purchased from Rose Biotechnology (www.rosebiotech.com/).

Fractionation of SKU5 and Glycosyl Phosphatidylinositol 
Anchor Determination

Microsomal membranes and membrane-free supernatant were iso-
lated as follows. Seven-day-old wild-type seedlings were ground in
ice-cold extraction buffer (50 mM potassium phosphate, pH 7.5, 2
mM MgCl2, 50 mM NaCl, and 1 � protease inhibitor cocktail [Cal-
biochem] with or without 400 mM Suc), and the insoluble debris were
removed by centrifugation at 10,000g for 10 min. Microsomal mem-
branes then were separated from the supernatant by centrifugation
at 100,000g for 1 h.

Cell wall fluid was isolated by vacuum infiltrating 7-day-old intact
seedlings for 15 min with ice-cold buffer (100 mM Tris-HCl, pH 7.3, 5
mM EDTA, and 0.05% �-mercaptoethanol with or without 1 M NaCl)
and spinning at 500g for 15 min to collect the fluid (modified from
Sieber et al., 2000). The protein was precipitated with 10% trichloro-
acetic acid and resuspended in an SDS-PAGE loading buffer (see
below for details).

The glycosyl phosphatidylinositol (GPI) modification of SKU5 was
demonstrated by its removal from membrane fractions with phos-
phatidylinositol-specific phospholipase C, as described in Sherrier et
al. (1999), except that microsomal membranes were used. In sum-
mary, microsomal membranes that were resuspended in 100 mM
potassium phosphate buffer, pH 7.4 were first partitioned three times
in 2.4% precondensed Triton X-114 (Ausubel et al., 1994) to remove
proteins peripherally associated with the membranes. This was done
by incubating the Triton X-114/membrane mixture for 15 min on ice,
removing insoluble material by centrifugation at 10,000g at 4�C for 10
min, heating the mixture at 37�C for 5 min, and then separating the
phases by spinning at 1000g at room temperature for 10 min.

The lower Triton X-114/membrane–containing phase was diluted
10-fold with 100 mM potassium phosphate buffer, pH 7.4, and divided
into two equal parts; then, 1 unit/100 �L of phosphatidylinositol-spe-
cific phospholipase C (Sigma) was added to one part while an equal
volume of 100 mM potassium phosphate buffer was added to the
other part as a control. These samples were incubated for 1.5 h at
30�C with periodic mixing and then centrifuged at 1000g for 10 min.

The aqueous upper phase was collected, 1 �g of BSA was added
as an internal standard for protein recovery, and the samples were
precipitated with 10% trichloroacetic acid (incubated on ice for 2 h
and then centrifuged at full speed for 10 min in a microcentrifuge). The
pellets were resuspended in SDS-PAGE loading buffer, the pH was
neutralized with ammonium hydroxide fumes (an ammonium hydrox-
ide–saturated Q-tip was held in the tube until the bromphenol blue
turned from yellow to blue), and the pellets were electrophoresed on
an SDS-PAGE gel and protein gel blotted as described above.

Accession Numbers

The accession numbers for the sequences mentioned in this article
are R30492 and Z37702 (two Arabidopsis EST clones of sku5) and
AF439406 (sku5 complete coding sequence).
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